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1. Introduction 
In order to understand the protonmotive chemistry of 
terminal oxidases, we have explored the question of the 
degree to which the net charge of the reaction cycle 
intermediates is counterbalanced by the uptake of protons. 
This possibility for charge compensation by protonation 
originates in free energy considerations and the factors that 
control redox potentials (for a review see Ref. [1]). One of 
these is the difference in electrostatic energy between a 
reduced (with one net charge) and oxidised (with zero net 
charge) species, which can be expressed by the equation: 
AG = NeZ(1 /4xr%)q2/Dr i  Jmol - l  
where N is Avogadro's number, e = electronic harge of a 
single electron (1.6. 10 -19 C), e o =permittivity of free 
space (8.8542. 10 -j2 C 2 N n m-2), r i = radius of 
charged species, D = medium dielectric strength. For a 
o 
redox centre of radius 3 A, initially with a zero net charge, 
and embedded in a protein of dielectric strength 3.5 (an 
assumed average value for the interior of proteins [1]), this 
indicates that a single electron transfer into it would 
contribute more than 130 kJ tool -~ (> 1350 mV) in 
electrostatic energy. 
In practice, the energetic ost is usually dramatically 
decreased by solvent and ion rearrangements, by move- 
ment of local charges and hydrogen bonds in the protein, 
by charge delocalisation, or by covalent bond changes. In 
these cases, no cation uptake is observed. However, if 
these factors are inadequate, and if there is an appropriate 
site in the protein structure, a specific counterion may bind 
in response to the introduction of the charge i.e. the 
affinity of the site for the counterion is increased in 
response to the charge. In the special case of a protonation, 
a redox-linked pK shift results and the strength of the 
effect is given by the pK difference in the oxidised and 
reduced conditions [2]. 
The requirement for an associated protonation can be an 
important factor which is additional to the intrinsic elec- 
tron transfer ate in controlling net rate of reaction. Such 
control might be particularly important if the proton has to 
move through the protein structure to arrive at its binding 
site, as is likely to be the case for reduction of the 
binuclear centre in the protonmotive oxidases [3,4]. 
2. Charge-coupled cation uptake in simple systems 
Considerations of counterion uptake can be relevant o 
studies of soluble enzymes with occluded reaction cores, 
and we have recently discussed this notion in relation to 
the ligand-associated proton chemistry of horseradish per- 
oxidase [5]. NMR studies of different cytochromes c have 
highlighted the details of proton changes that can be 
associated with a redox state change of the haem [6,7]. 
More generally in protein-ligand reactions, there are many 
good examples of anion-linked protonation phenomena 
which are reflected in the pH-dependency of the anion 
dissociation constants. Table 1 summarises ome of the 
data available for myoglobin and peroxidases and illus- 
trates how such linkage can be weak or absent, as in the 
globins, or can be a major factor, as in the peroxidases [8]. 
Abbreviations: HRP, horseradish peroxidase isozyme C; CcP, yeast 
cytochrome c peroxidase; P, the 'peroxy' intermediate of cytochrome c 
oxidase; F, the 'oxyferryl' intermediate of cytochrome c oxidase. 
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3. Charge-coupled cation uptake in ionmotive enzymes 
Local charge balancing is likely to form a central 
feature of the coupling mechanism of several of the more 
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Table 1 
Charge compensation by protonation in myoglobin and peroxidases 
Ligand Ferric C cP Ferric HRP Metmyoglobin 
Cyanide Yes [31] Yes [32] a 
Azide Yes [34] Very high Ka but clearly pH-dependent [35] ~ 
Fluoride Yes [36] Yes [37] a 
Formate Some pH dependence, but unstable ~ Partial-decreasing dependence atlow pH a 
Electron Yes, pH < 7 Yes, pH < 7.4 
No, pH > 7 [40] No, pH > 7.4 [41] 
Partial [33] " 
No [33] a 
Partial-increasing dependence atlow pH ~ 
No [33,38,39] 
Weak [42] 
a Result has been tested independently b  Mitchell and Rich (unpublished data). 
complex ionmotive nzymes [9,10]. In such a mechanism 
[11], electron transfer into a region of locally low dielectric 
strength is electrically counterbalanced by the uptake of a 
proton (or, in some cases, another cation). Subsequent 
electron transfer to an acceptor, A (in the cases of oxi- 
dases, this acceptor is oxygen), results in a product (in this 
case, an oxide) for which there is a strong driving force for 
protonation. It is proposed that, at this stage, a barrier 
exists between the charge-counterbalancing protons and 
the reduced acceptor so that additional protons must be 
taken up. As they are taken up from the N phase, these 
'substrate protons' electrostatically repulse the charge 
counterbalancing protons into the aqueous P phase. 
Critical to such a mechanism is the nature of the 
'gating' process of proton uptake from the N phase in the 
initial reduction step, and repulsion into the P phase during 
the final chemical transformation. Uptake from the N 
phase during reduction is likely to be ensured by a large 
permanent activation barrier for passage of protons through 
the P phase channel and may anyway be determined by the 
route of entry of the electron (see discussion below of the 
possible role of haem a). Repulsion back through the N 
phase channel may be prevented by a number of possible 
mechanisms. Electrostatic interaction with the incoming 
substrate protons may in itself be enough. Other possibili- 
ties include the physical movement of cations away from 
the N phase channel or physical channel closing by lig- 
and/hydrogen bond rearrangements [12], or perhaps a 
strict dependency of the movement of the counterbalancing 
proton on the route of the associated electron. 
4. Coupling in cytochrome c oxidase 
The structures of the metal sites in the four subunit 
cytochrome oxidase from Paracoccus denitrificans [13] 
and in the entire 13 subunit enzyme from beef heart 
mitochondria [14] have been solved recently by X-ray 
crystallography to 2.8 A resolution. The polypeptide back- 
bone structure and some other details of the Paracoccus 
enzyme have also been reported. Besides providing a 
wealth of new data and the resolution of several controver- 
sial issues, they have added considerable atomic detail to a 
number of general features of the consensus predicted 
structure of subunit I which had been arrived at by se- 
quence analyses and mutational effects in combination 
with spectroscopic methods, including polypeptide folding, 
ligand structure around the metals, and the possibility of 
proton channels [ 15-17]. 
Oxygen reduction to water requires four electrons and 
four protons and must occur in a stepwise manner. In each 
of these steps, the thermodynamics and chemistry of the 
intermediates are quite different [16]. The protonmotive 
reactions are likely to occur only during the P ~ F and 
F ~ O stages [18]. Almost all recent proposals of coupling 
mechanism now share a common theme that a relatively 
small movement of ligands, linked to the oxygen reduction 
chemistry, can result in the movement of protons between 
N-phase and the P-phase proton channels [19-24]. 
We have tested empirically the degree to which the 
binuclear centre balances charge changes by protonation 
changes. To date, we have found no exception to the 
general rule that all stable electronation or ligand binding 
changes in the binuclear centre are counterbalanced by 
protonation changes (Table 2). The pH-dependency of 
Table 2 
Charge compensation by protonation i  cytochrome oxidase 
Change Negative Protons pH Range Refer- 
charges taken up ence 
Interconversions between reaction cycle intermediates 
O ~ P 2 2.4+0.1 8 [26] 
P~F I 0.8-1-0.1 8 [26] 
F~O 1 0.8+0.1 8 [26] 
O ~ R 2 2.0 + 0.1 8 [43] 
Ligand binding reactions 
Ferric haem 
Cyanide anion 1 1.0 +0.1 7-8 [43] 
Azide anion I 1.1 _+0.1 7-8 [43] 
Formate anion 1 1.0 7-8 [43] 
Fluoride 1 0.9 + 0.1 7 [43] 
Hydrogen peroxide 0 0.02 + 0.04 8 [26] 
Ferrous haem 
Cyanide anion 1 0.9_+0.1 7 (6-8 in bo) [43] 
Carbon monoxide 0 < 0.1 8 [43] 
Oxygen 0 0 7-8.9 [44] 
Hydrazine 0 0 7.4-9 [45] 
Hydroxylamine 0 0 < 7.4-8.5 [45] 
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midpoint potentials of the metals during classical redox 
potentiometry is also consistent with this view (reviewed 
in Ref. [25]). Hence, this enzyme represents an extreme 
example of the necessity for charge counterbalance by 
protonation changes. Originally, we had assumed a simple 
model in which the net proton changes represented proto- 
nations of the oxygen intermediates themselves [26]. Sub- 
sequently, however, it was proposed that the counterbal- 
ancing protons were physically separate from the oxygen 
intermediates, hence providing a basis for the coupling 
mechanism [9,11 ]. This model assumes: 
• only the last two steps of oxygen reduction, P ~ F and 
F ~ O, are coupled, each to the translocation of two 
protons, as proposed by WikstriSm [18]; 
a number of protonatable groups are located within a 
'proton trap' in a location in which bound protons are 
able to minimise the energy of the charged binuclear 
centre intermediates, but are unable to physically con- 
tact the oxide products of oxygen reduction; 
• reversible proton uptake into the trap occurs from the N 
phase in concert with electron transfer from substrate 
into the binuclear centre; 
• the oxide products of oxygen reduction are protonated 
with N phase protons to form water. This provides the 
driving force which electrostatically repulses an equal 
number of protons from the trap into the P phase. 
Further details are given in [9,11]. Fig. 1 illustrates a 
part of the proton translocating process as P is converted 
into F. At this stage, three electrons have been donated 
from substrate to form the oxyferryl form of haem a 3 and 
an oxide product. Strict counterbalance of net charge has 
caused three protons to be taken up into the proton trap. 
Protonation of the oxide to form water results in repulsion 
of two protons from the trap into the P phase in order to 
maintain et charge balance. 
4.1. Proton transfer pathways 
The recent structural information limits the possible 
entities that might provide the protonatable sites of the 
proton trap. Two general possibilities eem evident, de- 
pending on whether the transiocated protons enter the 
structure by a proton channel which is different from that 
for the substrate protons used to form water. Two separate 
channels had been indicated from site-directed mutants in 
which proton translocation could apparently be prevented 
whilst still allowing oxygen reduction [27,28] (see Fig. 1). 
Although it is difficult to understand why prevention of 
one process would not also very much hinder the other 
unless some rather major structural perturbations had been 
caused by the mutation, it has been noted that the putative 
'pore A' of the crystal structure is consistent with the 
positions of mutations which appear to cause a loss of 
coupled proton translocation [13]. In this case, the trap 
site(s) might be equated with protonation on and around 
the conserved glutamate on helix VI (Glu-278 in the 
P phase 
~T~ D399 ? 
Propionate/forrnyl? 
H325 ? 
A 2H+A 2--- 
W 
E278 ~-] Y280 
PoreA?] ] B T351 
I I  
D124 L_J 
K354 
S291 
2H + 
N phase 
Fig. 1. Proton translocation during the peroxy to oxyferryl conversion i  
cytochrome oxidase. See text for details of the proposed coupling be- 
tween proton and electron transfers. Numbering refers to the sequence 
used to build the Paracoccus structure in Ref. [13], where further 
discussion of possible proton channel components can be found. 
Paracoccus sequence). Certainly, the necessary spatial 
separation of these protons from the oxygen intermediates 
would seem to be satisfied by the intervening structure 
which separates it from the oxygen binding site. However, 
whether enough sites could be supplied by surrounding 
residues (perhaps by water molecules or even by haem 
propionate groups) remains to be established. 
If, instead, only a single pore (presumably 'pore B' in 
the structure of Iwata et al. [13]) is operative in transferring 
all protons from the N phase, then trap sites more directly 
associated with the binuclear centre must be considered. 
This immediately raises the critical and chemically very 
difficult question of the nature of the barrier between the 
trap protons and the oxygen intermediates. Examination of 
the available crystal structural data shows that possible 
trap sites are limited. Only the direct ligands to baem a 3 
and Cu B, protonatable groups in 'pore B' itself, and 
possible protonatable sites in loop 9-10 of subunit I or 
perhaps in parts of subunit II close to the binuclear centre, 
appear to be reasonable candidates. However, an 
oxide/water ligand on Cu B, in a manner similar to that 
proposed in the Mitchell model [19], cannot be excluded at 
this stage. With only one channel for proton entry, access 
to the proton trap would have to be gated by the redox 
state of the metal centres: electronation would allow trap 
protonation, but subsequent electronic rearrangement dur- 
ing oxygen reduction would then have to preclude their 
physical availability to the final oxide products o that they 
are instead repelled into the P phase. A mechanism for the 
proton movement into a site which becomes physically 
separated only on subsequent electronic changes, might 
involve a redox state-dependent ligand switching process. 
Possibilities for ligand movement include the oxide/water 
ligand rotation model of Mitchell [ 19], a tyrosine/histidine 
ligand exchange on the haem [23] or on the Cu B [22], or a 
possible ligand exchange between the haem and Cu B [23]. 
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In all cases, ligand mobility is facilitated by the presence 
of an electron in the metal system but is prevented when 
the electronic structure changes. The possibility of multiple 
orientations of one of the histidine ligands to Cu B, His-325 
in the Paracoccus equence, has led Iwata et al. [13] to 
favour a model based on the 'histidine cycle' of WikstriSm 
[22] in which this ligand can reorientate as it cycles 
between the imidazolate/imidazolium states in response to 
local charge balance requirements [9]. 
For all models, the identity of the route by which the 
protons could reach the P phase remains uncertain. Possi- 
bilities include a number of conserved protonatable r sidues 
in subunits I and II [13], and even perhaps the propionate 
groups of the haems. 
In order to test the role of Cu B as a site of protonation, 
we have investigated the properties of a form of cy- 
tochrome bo which lacks the Cu B centre, derived from 
cells of E. coli which were grown under copper-limited 
conditions [29]. As with cytochrome c oxidase, the strength 
of binding of ligands to its binuclear centre is controlled 
by the need for net charge balancing by protonation. Table 
3 summarises the observed binding constants of several 
ligands to the binuclear centre of cytochrome bo. The pH 
dependencies of dissociation constants of all of these 
ligands is consistent with strong binding only of (net) 
HCN, HN 3, HF, HCOOH and H20 2 forms. Comparison 
with binding to enzyme in which Cu B is lacking shows 
that the binding constant of all ligands except carbon 
monoxide has been dramatically weakened. We attribute 
these effects to a loss of an appropriate site for binding of 
the associated proton(s) which is required in all cases 
except carbon monoxide, and take the data as strong 
evidence that Cu B or its ligands does indeed provide 
protonation sites for the natural reaction cycle. However, 
whether these are utilised only for oxygen reduction chem- 
istry, or whether they provide part of the route for translo- 
cared protons, remains to be established. 
4.2. Electron transfer pathways and the role of haem a 
It now seems clear from the crystal structures that Cu A 
is indeed the entry pathway for electrons from cytochrome 
Table 3 
Dissociation constants of ligands from cytochrome bo at pH 5.5 
Ligand Apparent K d (M) at pH 5.5 
+ Cu cytochrome bo - Cu cytochrome bo 
Ferric enzyme 
Cyanide < 2- 10 -s  3 .10 -4 
Azide 3.6.10 -7 7 .10 -4 
Fluoride 8.9.10 -5 > 2 .10 -2 
Formate < 5 .10 -4 Not determined 
Hydrogen peroxide < 4 .10  -7 No binding detected at 0.2 mM 
Ferrous enzyme 
Cyanide 11 - 10 3 [29] 
Carbon monoxide 0.6.10 -6 [29] 
> 0.2 
<7.10  -6 
C. Cu  A is positioned over the metal centres in subunit I so 
that the distances of its nearest copper atom to the haem a 
iron (19.5 A) and to the haem a 3 iron (22.1 A) are similar 
[13,14]. However, it is generally supposed that electron 
transfer proceeds to the binuclear centre only via haem a. 
If this is the case, factors other than distance must be 
critical in favouring the transfer from Cu A to haem a. In 
any case, the rates of these internal pathways of electron 
transfer may require further experimental testing. Cer- 
tainly, the very close contact of the edges of the haems 
(4.7 A) is consistent with very fast haem/haem electron 
transfer. Once on the binuclear centre, the close proximity 
of the haem a 3 and Cu B (5.2 ,~) ensures that processes 
other than electronic rearrangements are likely to limit the 
rate of chemical transformation f oxygen into water. 
Regardless of the detailed internal electron transfer 
route, the role of haem a remains obscure and it is not at 
all clear why the system could not have developed with 
direct electron transfer from Cu A to the binuclear centre 
and without the involvement of an additional haem centre. 
An essential role of haem a is highlighted by studies of a 
mutant form of cytochrome c oxidase that we have iso- 
lated from Saccharomyces cerevisiae (Ortwein, C., Link, 
T.A., Meunier, B., Colson, A.-M., Rich, P.R. and Brandt, 
U., unpublished ata). This enzyme has a single mutation 
of 167N in subunit I, a position which can be expected 
from the crystallographic data to be in contact with haem 
a and well separated from the binuclear centre metals. We 
have shown that this mutation lowers the midpoint poten- 
tial of haem a by 60 mV, but is without significant effect 
on the midpoint potentials or ligand reactivity of the 
binuclear centre. The mutation lowers the maximum 
turnover number of the enzyme to less than 2% when 
cytochrome c is the substrate. However, if the artificial 
substrate hexammineruthenium 2+ is used as donor (Em = 
+ 78 mV [30]), a turnover number of more than 25% of 
the wild-type is seen, consistent with the view that poor 
activity is indeed caused by the difficulty in reduction of 
haem a and ruling out any significant urnover of cy- 
tochrome c oxidation solely by direct donation from Cu A 
into the binuclear centre. 
It appears, therefore, that an obligatory electron transfer 
pathway through haem a has a central importance which is 
as yet unclear. Perhaps it is related to the protonmotive 
action and the need to bind the charge-balancing, translo- 
cated protons at sites physically separated from the oxygen 
chemistry: by firstly reducing haem a, a proton may be 
bound at a site separated from the binuclear centre and 
may remain there even when electron transfer to the 
binuclear centre has occurred. 
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